Inter-and intraspecific chioroplast DNA variation in four species of Plantago (P. lanceolata, P. major, P. media and P. coronopus) were analysed by comparing DNA fragment patterns produced by seven restriction endonucleases. Plant material was collected in seven European countries. Only 21.3 per cent of the 409 restriction sites were shared by all four species. Phylogenetic analysis, performed by constructing the most parsimonious trees, showed that genetic differentiation in cpDNA was very high among P. lanceolata, P. coronopus and the species pair P. media and P. major, which were more closely related.
Introduction
Comparison of chioroplast DNA (cpDNA) restriction fragment length polymorphism (RFLP) has proved to be a very useful tool to study evolutionary processes at and above the species level (Palmer, 1986, 1987 and references therein; Lehväslaiho et at., 1987; Sanclbrink et at., 1989; Pillay & Hilu, 1990; Soreng, 1990) . However, the use of this approach to analyse population structure and speciation processes has long been considered to be unsuitable because of the conservative nature of cpDNA (Palmer, 1987) . Among the studies of intraspecific cpDNA variation reviewed by relationship between breeding system and genetic structure, as observed from enzyme polymorphism and/or morphological variation (e.g. Van Dijk, 1984 Wolff, 1988) . In other studies, variation for several life-history traits (e.g. Antonovics & Primack, 1982; Alexander & Wulif, 1985; Van Groenendael, 1986) and the relationship between genetic variability and environmental conditions (e.g. Van Dijk & Van Delden, 1981; Van Dijk, 1984; have also been examined. These studies have shown that population genetic differentiation is high in the inbreeding species P. major and low in the self-incompatible, gynodioeceous species, having an intermediate level of variation . The species P. major comprises two subspecies, major and p!eiosperma PILGER, which exhibit distinct morphological traits (Engler, 1937) . Moreover, the subspecies show ecological differences and subspecies-specific alleles at two enzyme loci, although transitional forms and gene flow have also been observed in several sites of sympatry (Van Dijk & Van Delden, 1981) . In Plantago media, the tetraploids are morphologically very similar to the diploids with which they can coexist in contact areas. The two cytotypes show a postzygotic reproductive isolation, but share the same alleles for nine allozyme loci, providing evidence for the autopolyploid origin of the tetraploid (Van Dijk & Van Delden, 1990) . Wolff & Schaal (1992) have recently reported a high amount of intra-and interspecific cpDNA variation in Plantago spp. by studying Dutch and American populations of P. major and P. !anceolata, Dutch populations of P. coronopus and P. maritima, and two Spanish populations of P. media. The two subspecies of P. major were discriminated by distinct restriction patterns, although plants showing intermediate patterns were observed in both the U.S.A. and in The Netherlands. In their study, Wolff & Schaal (1992) used total DNA, hybridized with cpDNA probes from Petunia and cut with restriction enzymes, thus providing an estimated 86 per cent survey of the chloroplast genome.
The present study was based on isolation of the whole cpDNA molecule before cutting it with restriction enzymes. The objectives were as follows: (i) to estimate cpDNA size and thus genome variation, among and within the four cosmopolitan P!antago species in Europe; (ii) to compare the variation in the cytoplasmic genome with that of the nuclear genome studied previously by enzyme polymorphism, in relation to the biological characteristics (in particular the breeding system) of the four species; (iii) to seek further evidence for both differences in the cpDNA structure of the two subspecies of P. major, and introgression in an additional contact area in Denmark; and (iv) to provide a decisive test of the hypothesis of an autopolyploid origin of tetraploid P. media.
Materials and methods

Origins of plant material
Chloroplast DNA analyses were carried out on 48 individual plants from natural populations of four P!antago species (Table 1) . Species identification was according to the Flora Europaea (Tutin & Webb, 1976) . Most of the plant material analysed in this study has been used previously in extensive interdisciplinary studies and voucher material can be examined in the laboratories of Groningen and Montpellier. Details regarding several of the collecting sites have already been published by Van Dijk & Van Delden (1981) , Van Dijk (1984) and for populations 3, 6, 7, 10, 11, and 20; by Van Dijk & Hartog (1988) and by Van Dijk & Van Delden (1990) for populations 15, 16 and 19. Populations 1 and 14 came from the same collecting site in the experimental field of the laboratory in Montpellier (South of France). Population 2 was sampled from the botanical garden of the University of Groningen in Haren (The Netherlands). Population 4 corresponded to a strand in Oland Island (Sweden) and population 5 was from an old pasture with dry sandy soil near Warsaw (Poland). Plants of P. major in population 8 and 13 belonged to subsp. pleiosperma and subsp. major respectively and were collected from wet and dry parts of the same site, alongside a barley field near Roskilde (Denmark) . The collecting site corresponding to population 9, a wet area in an agricultural field with plants belonging only to subsp. pleiosperma, was located in the same region as popula- Preparation and restrict/on endonuclease analysis of cpDNA The plants were placed in the dark for 14 h to destarch the leaves before the leaf tissue was harvested. The leaves were then ground by hand in liquid nitrogen and freeze-dried. Chloroplasts were isolated from aliquots of 2 g of the freeze-dried leaf powder using a nonaqueous procedure as described by Daily & Second (1989) with the following modifications: as step 4 the density of the cold mixture ranged from 1.38 to 1.40 according to the studied species. At step 9, 100 1 of pronase (10 mg/mi) and 250 1 Sarkosyl (20 per cent) were added instead of proteinase K and the mixture was incubated at 37°C for 1 h. At steplO, 200 1 of 3M Na, acetate buffer, pH 6.0, was used. At step 11, 20 1 magnesium chloride (1 M) was added to the mixture before ethanol-precipitation of DNA in 15 ml siliconed tubes. The pellet was ethanol-washed three times and dissolved in 50 1 TE buffer.
Aliquots of 20 ug total chloroplast DNA were incubated with the restriction endonucleases listed in Table  1 , according to the recommendations of the suppliers (Appligène, Boeringer, Germany) and in the presence of 4 pg pancreatic A ribonuclease. In Plantago, the restriction enzyme BstI behaved as a perfect isoschizomer of BamHI. The digestion products were fractioned by electrophoresis on horizontal 0.8, 1.0, 1.1, or 1.3 per cent agarose slab gels, depending on the number of fragments generated by the enzyme. Several agarose concentrations were used for the same enzyme in order to separate clearly large and small fragments. Gels were stained with ethidium bromide and photographed under ultraviolet light. Lambda DNA digested with Hindill, EcoRT, and with both these enzymes was used as size standards.
Data analysis
The cpDNA restriction endonuclease patterns of the individual plants were scored for fragment length differences. This method has been advocated when the cpDNA sequences have diverged to the extent that direct restriction site mutation analysis cannot be used (Sandbrink & Van Brederode, 1992a) . For each species, the most frequent and ubiquitous pattern that occurred in several distinct geographical areas was considered as representative of the species. Phylogenetic data analysis was reserved for phylogenetically informative cases, i.e. where restriction fragments were shared by at least two, but not all, the taxa. The different fragments obtained using the different enzymes were scored as presence/absence data, and pooled to compute a similarity matrix using the method of Nei & Li (1979) Felsenstein, 1987) because no outgroup species was available. Moreover, the BOOT option of PHYLIP was used to place confidence intervals on monophyletic groups (Felsenstein, 1985) .
Results
When cpDNA from the 48 individuals listed in Table 1 was analysed by digestion with the seven different restriction endonucleases, 39 different banding patterns were observed giving a total of 1590 fragments, 409 of which were distinct from one another. Most of these banding patterns are illustrated in Figs 1-3. The restriction endonucleases AvaI, BglII, BstI, EcoRI, Hincil, HindIII and PvuII generated an average of 48.16, 45.09, 36.20, 47.50, 51.25, 23.50 and 13.33 fragments respectively. Thirty-one per cent of the individuals were analysed on at least two gels per enzyme and no variation was observed among the replicated samples.
Chloroplast DNA molecular size was estimated by adding together the size of the fragments generated by each endonuclease, particularly those generated by PvuII which provided fewer and larger sized fragments.
The molecular size of cpDNA in Plantago was The percentages of shared fragments (F-values) calculated from these data are presented in Table 2 . The fraction of shared fragments decreased from 97.3 per cent for the two subspecies of P. major, to 25.8 per cent between P. coronopus and P. major (Table 2, lower left).
When the similarity matrix 1 was subject to UPGMA analysis, three distinct groups of species could be distinguished (Fig. 4a ). The first cluster included P. major (subsp. major and subsp. pleiosperma) and P. media, the second corresponded to P. lanceolata and the third to P. coronopus. A similar phyletic pattern was observed in the phenogram comprising P. lanceolata, P. media and P. major, when matrix 2 was subject to the same analysis (Fig. 4b) . The same general clustering pattern was obtained using the Wagner parsimony method (Fig. 4c and results not shown) applied to the fragment patterns produced by the several restriction enzymes analysed individually. For BglII, a single most parsimonious tree of 39 steps was obtained from the 35 phylogenetically informative changes (Fig. 4c) . To place confidence intervals on monophyletic groups, 100 bootstrap cycles were performed using the BOOT option of PHYLIP.
Confidence was 100 per cent for all the clades.
Discrimination between cpDNA of subsp. major and subsp. pleiosperma is due to a 70-bp addition/ deletion. This variation is observed for three restriction enzymes: BstI (Fig. 2) (a 2.54-kb fragment in subsp. major is replaced by a 2.47-kb fragment in subsp. pleiosperma), BglII (Fig. 2) (a 1.68-kb fragment in subsp. major is replaced by a 1.61-kb fragment in subsp. pleiosperma) and AvaI (Fig. 3 ) (two fragments, Fig. 1 Example of restriction fragment patterns obtained by digestion of cpDNA with BstI in Plantago lanceolata (Al, A2), P. major subsp. pleiosperma (Bl), and subsp. major (Cl), P. media (Dl) and with BglII in P. lanceolata (Al, A2, A3, A4, A5), P. major subsp. pleiosperma (B 1) and subsp. major (Cl), P. media (Dl, D2) and P. coronopus (El). Agarose concentrations in the original gels were 0.8 and 1 per cent using BsiI and BgJH respectively.
3.31 and 1.92 kb, present in subsp. major are replaced respectively by two fragments, 3.28 and 1.88 kb, in pleiosperma). However, whereas all the nine individuals identified morphologically as subsp. pleiosperma showed the same pattern specific of this subspecies, among the 10 individuals identified as subsp. major, two out of the three collected near Roskilde (Denmark) , site 13, where the two subspecies grow together, showed the cpDNA patterns of subsp. pleiosperma.
Apart from the mutation which discriminates between the two subspecies of P. major, no variation was found in this species for the 20 individuals collected in eight sites scattered in three countries of western Europe. Likewise, no variation was observed in P. coronopus; however, only two individuals collected from the same site were studied in this species.
In P. lanceolata, in addition to the majority of restriction patterns designated as 'Al', 3, 1, 4, 2, 1, and 3 distinct variant patterns were observed for A vaT, BstI, BgIIl, EcoRl, HindIll, and HincII respectively, totalling 34 distinct mutations. Among these, two types (site and length) could be distinguished according to the specific phenotype of the restriction fragment alteration (Table 3 ). More particularly, the detection of specific changes each revealed by several restriction enzymes, suggests that alterations in the length of the fragments may be due to DNA length rather than site mutations. Finally, four mutations corresponded to site changes and at least 29 were considered as length mutations; few of them were observed using several, but never all, the enzymes (e.g. mutation 'g', observed in the same individuals of accession 5 using EcoRI and Hincil). Most of these size mutations were very small, ranging from 10 to 100 bp. Moreover, in the cpDNA of two individuals from Poland (accession 5), additional changes were observed: two fragments (8.80 and 2.50 kb) were observed instead of the 9.00 and 2.30 kb fragments present in the majority pattern. These changes can be considered as two independent length mutations. However, when they are considered together, they may correspond to an inversion (9.00 + 2.30 kb in the majority pattern are changed into 8.80 + 2.50 kb in the restriction patterns of the two Polish individuals).
As no Hindlil restriction fragments mapping was available to confirm the presence of this inversion, and because such mutations are apparently rare in cpDNA evolution (Palmer, 1987) , in the data treatment, cpDNA changes in the two Polish plants were considered as two additional length mutations. In Table 3 Fig. 3 Diagrammatic representation of the restriction fragment patterns obtained by digestion of cpDNA with EcoRI, HincII, AvaI, and Hindlil in Plantago lanceolata (A), P. major subsp. pleiosperma (B), subsp. major(C), P. media (D), and P. coronopus (E). High intensity bands indicate the occurrence of two identical fragments. Agarose concentrations in the original gels were 1 per cent using EcoRJ, Hincli and AvaI, 1.3 per cent using AvaI in P. lanceolata, and 0.8 per cent using Hindill. Wolff & Schaal (1992) have estimated the cpDNA size of P. lanceolata to be 144 kb from a survey of 86 per cent of the molecule and assuming a strict homology with cpDNA from Petunia. This value is slightly higher than that obtained from our study.
Differentiation of cpDNA was observed to be higher among P. lanceolata, P. coronopus and the species pair P. media and P. major than between P. media and P. major which are more closely related. Th same general differentiation pattern was obtained by Wolff & Schaal (1992) from cpDNA digested with numerous restriction enzymes mostly distinct from those used in the present study (only two out of 16 enzymes were common to the two studies). The same differentiation pattern was also obtained for these two species (which belong to distinct Plantago sections) using enzyme polymorphism (E. Boekema & H. Van Wft, unpublished data). Plantago media has been considered to possess several morphological and physiological traits close to either P. lanceolata or P. major or intermediate between these two species (e.g. Sagar & Harper, 1964) .
However, from the results obtained in this study it is clear that, as far as cpDNA variation is concerned, P. media is more closely related to P. major than to P. lanceolata.
In Plantago, cpDNA divergence between several species (except between P. major and P. media) ranges up to 74.2 per cent as distinct fragments. This is higher than the cpDNA divergence found in the plant genera studied to date (Sandbrink et al., 1989) , including Linum and the tropical fern genus Platycerium in which the divergence was very high (53 and 59 per cent distinct fragments respectively, Coates & Cullis, 1987; Sandbrink et al., 1992b) . Wolff & Schaal (1992) found 52 per cent of their restriction sites to be variable among species. Although, in the present study, a complete analysis of the mutations was not possible because of the amount of cpDNA divergence among the Plantago species, it seems that the majority of the changes comprised very small length mutations. Wolff & Schaal (1992) also reported many length changes in the cpDNA of Plantago. As these changes may have been revealed several times using the different restriction enzymes, such mutations may be responsible for the high cpDNA divergence observed in Plantago.
Ch/orop/ast DNA differentiation between the two subspecies of P. major Montpellier and one observed in the two individuals from Poland).
When cpDNA from P. media was digested with Bg/JI, six length mutations were revealed and three distinct genomes could be distinguished (Table 3) . The Dl genome is observed in plants from Westervoort in the Netherlands and from Szklary in Poland and, therefore, was considered as the majority MM genome; the D2 genome is common to the diploid and the tetraploid plants from the Pyrenees (Mm 1 genome) and the D3 genome is observed in tetrapoid individuals from the Crimea (Mm2 genome). The percentage of shared fragments among these three plastid genomes is shown in Table 4 .
Discussion
Interspecific cpDNA differentiation A maximum 15-kb cpDNA size variation was observed between P. media and P. coronopus which 330 N. HOOGLANDER ETAL. Table 3 Restriction fragment length changes (kb) and type of mutation (I: site and 11: length) in variant restriction patterns of P. lanceolata (A2, A3, A4, AS) compared to the majority pattern (Al) and of P. media (D2, D3) compared with the majority pattern (Dl). The geographical origin (accession number) and the numbers of plants showing each pattern are also indicated. Indexed with the same letter are changes attributable to the same mutation. Numbers (from 1 to 5 and from 15 to 19) refer to the accessions described in Table 1. subspecies (Molgaard, 1976; Van Dijk & Van Delden, 1981; Van Dijk, 1984) . Moreover, plants of the two subspecies have been found to grow together at several places in which a few individuals show intermediate morphological characters, suggesting that hybridization may take place between the subspecies (Molgaard, 1976; Van Dijk & Van Delden, 1981) . Hybrid individuals between the two subspecies have also been easily obtained from experimental crosses, and most of these individuals showed intermediate morphological characters, good viability and high fertility (Molgaard, 1976; Van Dijk & Van Delden, 1981) .
As shown in the present study, the larger (70 bp)
DNA fragment present in P. major as compared to the cpDNA genome of P. pleiosperma, was also not observed in two individual plants identified morphologically as P. major subsp. major. In a previous study, Molgaard (1976) suggested that subsp. pleiosperma was present during the late glacial period in Western Europe whereas subsp. major was introduced later, as a weed, from Eastern Europe.
According to this hypothesis, P. major may have been derived from P. pleiosperma by several cpDNA insertions.
Intraspecific cpDNA variation Generaltrends. Substantial variation was observed in P. media among the several geographical accessions, and a still higher rate of variation occurred in P. lanceolata, both among and within populations, whereas no cpDNA variation was observed within each of the two subspecies of P. major. Data for P. coronopus were not sufficient to permit comparison with the other species. Similarly, Wolff & Schall (1992) did not find cpDNA variation within the two subspecies of P. major in the Dutch populations except where introgression between the subspecies was assumed to occur. However, additional cpDNA mutations were observed to be specific to the whole plants from the American populations.
In the present study, in both P. lanceolata and P. media, 88 and 100 per cent, respectively, of the cpDNA variation seems to be due to length mutations rather than to site mutations. Similar observations have been made on species in several other genera: e.g. Pisum (Palmer et a!., 1985) , Euoenothera (Gordon et a!., 1982) , Triticum and Aegilops (Bowman et at., 1983) , Glycine (Apuya et a!., 1988) , and Oryza (McCouch et a!., 1989) . However, in other genera, e.g. Nicotiana (Kung eta!., 1982) and Linurn (Coates & Cullis, 1987) , restriction site changes have been reported to be the most common type of cpDNA mutation. P!antago lanceo!ata. In P. lanceo!ata, the cosmopolitan majority genotype (LM) (which occurs in several sites of the Netherlands and in Montpellier) and the two minority genotypes (Lml and Lm2 also found in Montpellier where the sample size was larger than in the other sites), show close restriction patterns which are very distinct from the patterns observed for plants from Sweden (Lm3) and more specifically those from Poland (Lm4) . This supports previous reports based on isozyme analysis (e.g. Van Dijk et at., 1988) which indicated that P. !anceolata may have been introduced to Western Europe along with agricultural crops, roughly 6000 years ago.
Plantago media. In P. media, slight differentiation was observed among the three genotypes distinguished.
The diploid and the tetraploid plants, from sites 19 and 16 respectively, showed exactly the same cpDNA genotype (Mml) which seems to be specific to the Pyrenees. This result constitutes further evidence for autopolyploidy in P. media, as documented by Van Dijk & Van Delden (1990) from a study of morphological and enzyme variation. In P. media, two diploid and two tetraploid plants from the Pyrenees were also analysed by Wolff & Schaal( 1992) . Four restriction site polymorphisms observed for three enzymes not used in the present study were found between the two cytotypes, suggesting that the divergence between the diploids and the tetraploids is not of recent origin. In the present study, the tetraploids were collected in the single limited area where plants of both ploidy levels grow in mixture (Van Dijk & Hartog, 1988) whereas the tetraploids studied by Wolff & Schaal (1992) were collected in another area where only tetraploid plants have been observed (Van Dijk & Hartog, 1988) . A lack of consistency between the results of the two studies may therefore reveal the occurrence (in the Pyrenees) of tetraploids from two distinct origins. The present geographical distribution of the diploids comprises several distinct regions, the Pyrenees, South Eastern Europe and the Eastern part of Russia, whereas the tetraploids are widely distributed throughout Europe and Western Asia (Van Dijk & Hartog, 1988) . In P. media, high genetic differentiation, based on enzyme polymorphism, was observed between the diploids from the Soviet Union and those from the Pyrenees (Van Dijk & Van Delden, 1990) . This, combined with results from cpDNA analysis, suggests multiple origins of the autotetraploids, one of which occurred in the Pyrenees, rather than differentiation within tetraploids subsequent to a single autopolyploidization event.
However, more populations of both cytotypes need to be studied from several areas to provide decisive evidence for multiple origins of polyploids in P. media.
The multiple origins of autotetraploids have been shown previously in several other species, e.g. To!miea menziezii (Soltis et at., 1989a) , Heuchera micrantha (Soltis et at., 1989b) and Heuchera grossularitfolia (Wolff et a!., 1990 ) from the study of cpDNA variation.
Chioroplast DNA variation and the mating system In previous studies, relationships between the mating system, phenotypic plasticity and genetic structure, measured using polymorphism at enzyme loci, have been established in several Ptantago species. P. lanceo-!ata, a self-incompatible, gynodioecious species, showed considerable phenotypic plasticity and a high genetic diversity within populations but low differentiation among populations. In contrast, lower genetic diversity and significant population differentiation was observed in the self-compatible species, P. major Wolff, 1988) . The self-incompatible hermaphrodite species, P. media, was less variable morphologically than the above two species but the diploids, as well as the tetraploids, possessed substantial allelic diversity with a rather low rate of local differentiation (Van Dijk & Van Delden, 1990 ). Moreover, Wolff & Schaal have reported that 'the inbreeding P. major populations behave like separate nearly invariable strains with extremely low cpDNA variability'. In this species, changes in cpDNA were thus restricted to between populations of the two subspecies and to between American and Dutch (maybe European) populations. In the latter case, the change may be attributed to founding effects.
In the present study, cpDNA polymorphism is observed exclusively in the two outcrossing species of Plantago suggesting that there might be some connection between characteristics of the breeding system, which are responsible for nuclear gene recombination, and chloroplast genome variation which shows cytoplasmic, uniparental inheritance. In P. lanceolata, part of the variation may be due to the contribution of cpDNA to male sterility as has been shown in tobacco (Frankel et a!., 1979) , cotton (Galau & Wilkins, 1989) and sorghum (Chen et a!., 1990) . Furthermore, in the two outcrossing species of Plantago, high gene flow and multiple combinations of nucleo-cytoplasmic genomes may favour a higher cpDNA polymorphism. Distinct minority patterns could subsequently be fixed as local majority patterns in different regions. Such a hypothesis has already been put forward to explain the high cpDNA variability observed in hybrid zones between related taxa (e.g. Govindaraju et al., 1989) .
